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Abstract 
Metadynamic recrystallization takes place during isothermal annealing of materials in which an incomplete dynamic 
recrystallization occurred. In magnesium alloys this question has been investigated less until now. The metadynamic 
recrystallization behavior of twin-roll-cast and annealed AZ31 strip after hot deformation was investigated under conditions 
corresponding to hot strip rolling process of twin-roll-cast Mg coils. Plane strain compression tests were performed using 
double hit compression tests at temperatures of 250 - 400 °C, strain rates of 0.1 - 5 s-1 and interpass time of 0.5 - 10 s. Based on 
the experimental results, the kinetic equations and grain size model were established. Results show the effects of deformation 
parameters, including forming temperature and strain rate, on metadynamic recrystallization softening fractions and grain size 
in the two-pass hot deformed AZ31 alloy. Results also reveal that the pre-strain (beyond the peak strain) has little influence on 
the metadynamic recrystallization behavior in AZ31 alloy. Comparisons between the experimental and the predicted results 
were carried out. A good agreement between the experimental and the predicted results was obtained. 
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1. Introduction 
The microstructural evolution during hot rolling of metals holds remarkable importance due to its direct effects 
on physical and mechanical properties of the final product. In this case, the recrystallization phenomenon plays a 
crucial role in controlling the microstructure at elevated temperature. Softening may operate during hot 
deformation (dynamic processes) or between deformation steps (static or metadynamic softening). If the critical 
logarithmic strain ĳc (for the beginning of the dynamic recrystallization) has been reached during the forming 
process and an incomplete dynamically recrystallized structure is present afterwards, metadynamic softening will 
occur. In contrast, static softening follows by deformations with logarithmic strain below the critical logarithmic 
strain ĳc. In the case of steel it is known that the kinetics of these two softening mechanism vary. While the static 
recrystallization is mainly influenced by the temperature and logarithmic strain, strain rate and temperature act as 
the main influence factors for metadynamic processes [1-3]. 
The transition from the static to the metadynamic softening with increasing logarithmic strain is characterized 
by a transition region between Mc < M < M t, while both processes run in parallel. With a pre-strain below Mc, only 
static softening takes place, which is strain dependent. Above M t metadynamic processes occur, which are 
independent of logarithmic strain [3-5]. The special feature of metadynamic recrystallization can be seen in the 
absence of an incubation period. Because it already comes to the introduction of dynamic processes by exceeding 
the critical logarithmic strain, the nuclei can grow without an incubation period in the heterogeneous, formed 
matrix [3, 6]. 
The Institute of Metal Forming at the TU Bergakademie Freiberg developed in cooperation with the 
company MgF Magnesium Flat Products GmbH, a subsidiary of ThyssenKrupp Steel Europe AG, a technology 
for resource-efficient production of magnesium strip using twin roll casting and hot rolling [7-9]. 
For the development of new forming technologies as well as to design, construct and operate modern forming 
machines for magnesium materials, the knowledge of the complex structural changes during hot rolling is 
particularly an essential condition for a realistic simulation. Such a model for the description of the changes in the 
microstructure after the deformation of twin-roll-cast and annealed magnesium strips (such as AZ31) will be given 
below. 
2. Feedstock and experimental procedure 
Initial Material for the experimental investigation was a twin-roll-cast Magnesium AZ31 strip with 700 mm in 
width and thickness of 5.2 mm, produced on the pilot twin-roll-cast-plant at the Institute of Metal Forming (TU 
Bergakademie Freiberg). The chemical composition in wt.-% of the samples taken from the material was: Mg 
96.2 %; Al 2.7 %; Zn 0.7 %; Mn 0.36 %; residual 0.04 %. 
Since it is quite complicated to investigate the recrystallization behavior in a reversing strip hot rolling process 
for an AZ31 twin-roll-cast strip in terms of local microstructure development and pausing time between different 
rolling passes, a simulation of the hot rolling process by plane strain compression tests was utilized. Therefore, the 
experimental investigation of microstructure development under given specific conditions concerning total strain, 
strain rate, temperature and pause time between deformation steps with small-volume samples is possible, 
imitating the processing conditions of the real-life process. The initial sheet samples are heated up, using a time-
temperature-regime imitating the homogenization annealing process of twin-roll-cast coils and then cooled down 
to the desired deformation temperature with a subsequent compression testing with a servo-hydraulic deformation 
simulator. For the investigation of the metadynamic softening behavior between different rolling steps, a two-stage 
compression testing setup was used; with a specific pausing time between deformations steps (see Fig. 1). 
Shortening of the time-temperature-regime by elimination of the holding time allows the investigation of 
microstructure development of an initially purely twin-roll-cast material. 
Due to the diffusion processes taking place above 200 °C, the initial segregation of the twin-roll-cast material 
are homogenized and the J-phase is soluted. Remaining Al8Mn5 precipitations are reducing the grain growth 
during the annealing process due to a pinning of dislocations and grain boundaries. A homogenization heat 
treatment of 430 °C for 6 h results in a homogenized microstructure with a mean grain size of 17 μm, 
corresponding to grain size class 9 after ASTM E 12 (see Fig. 1a). The fraction of metadynamic softening can be 
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calculated by using the initial flow stress of the first deformation step V0,1, the initial flow stress of the second 
deformation step after pause time V0,2 and the maximum flow stress at the end of the first deformation step Ve,1 [9, 
10] (see also Figure 1b):  
 
ܧ௦௧௔௧ =
ఙ೐,భିఙబ,మ
ఙ೐,భିఙబ,భ
 . 
 
(1) 
Fig. 1. a) temperature-time curve to determine the metadynamic softening including the microstructure after twin roll casting and 
homogenization and b) determination of static softening after the offset method according to [11]. 
A logarithmic strain of ĳ1 = 0.3 was used for the first deformation step, a strain of ĳ2 = 0.1 for the second, 
resulting in a total strain of ĳ = 0.4 after the two stage compression test. The strain of the first deformation step lies 
above the critical logarithmic strain necessary for onset of dynamic recrystallization of the AZ31 twin-roll-cast 
material under the given deformation conditions, but is too low for a complete dynamic recrystallization. Therefore, 
the partly recrystallized structure after the first deformation step ensured a further softening by metadynamic 
processes instead of a purely static recrystallization or the occurrence of grain growth. The recrystallized fraction 
after the first and after pausing time was estimated by optical metallography after quenching specific samples in 
water right after the first deformation step or after the pausing time. 
3. Results and discussion 
3.1 Determination of time for 50 % metadynamic recrystallization t0.5 MDRX 
 
The pausing time t0.5 MDRX  for the amount of 50 % metadynamic recrystallization is significantly influenced by 
the strain rate. Furthermore, higher temperatures promote the diffusion controlled processes, which contain the 
recrystallization. Increasing the strain rate from ሶ߮  = 0.1 to 5 s-1 (deformation temperature - = 350 °C) leads to a 
reduction of t0.5 MDRX from 4.1 to 0.3 s. The deformation temperature has a similar impact on the pausing time. A 
rise of the deformation temperature from 250 °C to 400 °C (strain rate ሶ߮  = 1 s-1) is accompanied by a decreasing in 
pausing time, so that 50 % of the microstructure are metadynamically recrystallized after 0.4 s instead of 4 s. The 
following equation determining t0.5 MDRX for twin-roll-cast AZ31 strip can be established by the use of a regression 
analysis: 
 
ݐ଴.ହ ெ஽ோ௑  = 7.17 ή 10ିହ ή ܼି଴,଼ ή exp ቀ
ଵଽ଴଻ଷ଼
ோή்
ቁ, (2) 
with 
  ܼ = ሶ߮ ή exp ൬
178831
ܴ ή ܶ
൰. 
The calculated model coefficients enable the determination of the pausing time t0.5 MDRX for the amount of 50 % 
process time
pr
oc
es
s
te
m
pe
ra
tu
re
430 °C 
6 h
tP = 0,5…10 s 
-1 = 250…400 °C
M1 = 0,3
xM1 = 0,1…5 s-1
-2 = 250…400 °C
M2 = 0,1
xM2 = 0,1…5 s-1
a) b)
1562   Madlen Ullmann et al. /  Procedia Engineering  81 ( 2014 )  1559 – 1564 
metadynamic recrystallization in a temperature range of 250 °C to 400 °C as well as for strain rates from ሶ߮  = 0.1 to 
5 s-1. Using the correlation coefficient r2 = 0.99 a good agreement of determined and calculated values is achieved. 
The activation energy of the metadynamic recrystallization QMDRX amounts 190.7 kJmol-1, considering the 
activation energy of hot deformation QW with a value of 178.8 kJmol-1 in the calculation of the Zener-Hollomon-
parameter Z. 
3. 2. Amount of metadynamically recrystallized microstructure XMDRX 
Fig. 2 shows the recrystallized amount in dependency of the deformation temperature in a range from 
- = 250 °C to 400 °C and a strain rate between ሶ߮  = 0.1 and 5 s-1.  
Fig. 2. Amount of metadynamically recrystallized microstructure XMDRX depending on pausing time and forming conditions (deformation 
temperature and strain rate). 
It is recognized, that with increasing temperatures and strain rates a complete metadynamic recrystallization 
requires reduced pausing times (stop of deformation). The metadynamic recrystallization of twin-roll-cast and heat 
treated AZ31 strip proceeds very rapidly. Regarding a strain rate of ሶ߮  = 1 s-1 and a deformation temperature of 
- = 350 °C and pausing time of tP = 0.5 s is already too long for the determination of the initiation of metadynamic 
recrystallization. Thereby, it must be noted, that the recrystallization at deformation temperatures of - = 350 °C or 
400 °C and a strain rate of ሶ߮  = 5 s-1 is completed within a second. The softening of the material was determined 
with the help of the offset-method and confirmed by additional metallographic investigations. Within the first 
seconds the amount of recrystallized microstructure increases rapidly. Even at low deformation temperatures of - 
= 250 °C (strain rate of ሶ߮  = 1 s-1), 40 s are sufficient to achieve a complete recrystallization due to the omission of 
the incubation for nucleation. 
Equation 3 describes the determination of the metadynamically recrystallized volume fraction XMDRX of twin-
roll-cast AZ31 strip after heat treatment: 
ܺெ஽ோ௑  = 1 െ exp ൥ െ0.693 ή ቆ
௧ು
௧బ,ఱ ಾವೃ೉
ቇ
଴.଼ହ
൩. (3) 
The evaluated model coefficients enable a complete description of the metadynamic recrystallization in a 
temperature range of - = 250 °C to 400 °C as well as for strain rates between ሶ߮  = 0.1 and 5 s-1. Fig. 3 shows a 
comparison of the calculated values, derived from Equation 3, and the experimental determined values of the two-
stage compression tests. The coefficient of determination amounts r2 = 0.97. 
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Fig. 3. Metadynamically recrystallized volume fraction XMDRX  in a double-log depiction with the pausing time tp. 
3.3. Recrystallized grain size Drec 
The recrystallized grain size Drec after a specific deformation and a specific pause time of 2 s is mainly 
influenced by the deformation temperature, as shown in Fig. 4. 
 
 
 
  
Fig. 4. Recrystallized microstructure after deformation with a logarithmic strain M = 0,3 and a strain rate of ሶ߮   = 5 s-1 and a specific pause time, 
a) - = 250 °C, Drec= 1,9 μm, b) - = 300 °C, Drec= 3,4 μm, c) - = 350 °C, Drec= 6,2 μm, d) - = 400 °C, Drec= 10,9 μm. 
The overall recrystallized grain size Drec represents the combined grain refinement by dynamic and 
metadynamic recrystallization processes, since the purely recrystallized grain size after only metadynamic 
recrystallization cannot be determined solely. With decreasing deformation temperature, the resulting 
recrystallized grain size Drec = 10.9 μm after deformation at 400 °C is reduced to Drec = 1.9 μm after a deformation 
at 250 °C (logarithmic strain of ĳ = 0.1 and strain rate ૎ሶ  of 5 s-1). The strain rate has an additional influence on the 
recrystallized grain size. While at a deformation temperature of 350 °C and a pausing time of 2 s results in a 
recrystallized grain size 13.6 μm for a strain rate of ૎ሶ  = 0.1 s-1, an increase of strain rate to ૎ሶ  = 10 s-1 reduces Drec 
to Drec = 5.5 μm. With increasing Zener-Hollomon-Parameter Z, describing the influence of deformation 
temperature and strain rate, the resulting recrystallized grain size Drec is decreased in a linear matter. This 
progression is comparable to the influence of Z on the dynamically recrystallized grain size Ddyn, but results in 
higher grain sizes than a purely dynamic recrystallization. With a comparable Zener-Hollomon-Parameter Z, the 
overall recrystallized grain size Drec lies 0.7 μm to 6 μm above the the dynamic recrystallized grain size Ddyn. The 
overall recrystallized grain size Drec can be determined as follows (coefficient of determination r² = 0.97): 
ܦ௥௘௖ = 7571 ή ܼି଴.ଵଽ଼. (4) 
This coherence is valid for strain rates of 0.1 s-1 up to 5 s-1 and deformation temperatures between 250 °C and 
400 °C. 
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4. Summary and future prospects 
(1) In summary it can be stated that the model coefficients were set for the description of metadynamic 
recrystallization for twin-roll-cast and annealed AZ31 strips by analyzing the stress-strain curves 
determined by double-hit hot compression test setup, that are valid over a wide range of parameters and 
take into account all the basic phenomena. It was found; that in the parameter range 
examined the metadynamic recrystallization is completed after a maximum of 40 s. 
(2) In future work the models should be implemented in a numeric simulation of the strip rolling process for 
optimizing the process parameters. At the same time the model approaches will be expanded to other 
magnesium alloys, e.g. the AM alloy series. 
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